INTRODUCTION
Proteins have been separated from mixtures using imrnunosorbents derived from antibody either by attachment to an insoluble matrix such as cellulose (Gallop et al. I966) or by cross-linking through -S-S-linkages (Stephen, Gallop & Smith, T966; Chidlow, Stephen & Smith, I967, I968) and other groups (Avrameas & Ternynck, ~967, r969) . Galvez (I966) has also used cellulose-linked antibodies to separate different acid-stable plant viruses. Wood, Stephen & Smith 0968), using disulphide-linked immunosorbents (Stephen et al. I966 ) prepared from rabbit antibody to Semliki Forest virus grown in mouse brain, showed that homologous virus could be separated from crude chick cell material by adsorption at neutral pH and subsequent desorption at an alkaline pH. Recently, Avrameas, Brailovsky & Ternynck (I969) have isolated rat K virus and poliovirus from infected cell cultures using immunosorbents prepared with ethyl chloroformate or glutaraldehyde as polymerizing agent and eluting adsorbed virus using either a sodium iodide/tris buffer at pH 9 or magnesium chloride/tris buffer at pH 7"5.
The procedure of Wood et al. (I968) has now been investigated in greater detail to establish better conditions for virus purification. Furthermore, because the host cell may partly determine antigenicity of arboviruses I967; Acheson & Tamm, I967; Henderson, I968) and therefore affect properties of virus immunosorbents, Semliki Forest virus grown in chick embryo cells was separated with immunosorbents prepared from fowl antibody against virus grown in chick embryo cells.
General Semliki Forest virus. Semliki Forest virus (SFV)
, strain VR67 (originally obtained from the American Type Culture collection), at the fourteenth infant mouse brain passage (SMI4) was passaged once in chick embryo cells under Parker's medium I99 with 5 unheated calf serum in Roux bottles, in roller tubes or in batch suspension culture. After removal of cell debris by low speed centrifugation (30oo g; 15 rain.) the virus suspension containing 5 to 5 ° x lO 9 p.f.u./ml, was stored at o to 4 ° in the dark. Most immunosorbent experiments took place within 2 weeks of the preparation of the virus, during which time the infectivity did not decrease to less than half. Electron microscopy at the Microbiological Research Establishment, Porton, on virus purified from fresh cultures indicated that the particle/p.f.u, ratio was approximately I5 to I (C. J. Bradish, personal communication).
Virus assay. The infectivity of virus samples was assayed by the method of Cooper (1955) using agar suspensions of chick embryo cells modified (C. J. Bradish, personal communication) as follows. Agar (2"4 ~, w/v; Oxoid No. 2), virus dilutions and chick cell dilutions (2x io r cells/ml.) were prepared in medium 199 (Glaxo Laboratories Ltd); lO% calf serum was added to the medium for the virus and ceils. Virus dilution (I ml.), cell suspension (4 ml.) and molten agar (44 ° ; 5 ml.) were mixed and poured into 9 cm. plastic Petri plates (Sterilin, Richmond). The plates were incubated for 42 hr at 37 ° in 5 ~ CO2.
Buffers. Phosphate-buffered saline (PBS2), bicarbonate/carbonate buffer, pH 1I-r, and glycine buffer, pH I I-I, have been described (Gallop et al. 5966; Wood et aL ~968; and SOrensen, I9o9, respectively) ; PBS3 was PBS2 at pH 7.o with addition of 2oo g./1. NaC1.
Ant&era. Rabbit antisera to mouse-brain-derived SFV (SM I4) with neutralization indices (Bradish, Farley & Ferrier, I962) of 4"o to 5'o were obtained as previously described (Wood et al. I968) . Fowl antisera to SFV with neutralization indices of 3"0 to 4"5 were produced in cockerels by Dr C. J. Bradish as follows: SM i4 (10 G p.f.u.), after two passages in chick embryo cells, was injected intravenously into cockerels weekly to the fourth week and then every 2 months for the duration of bleeding, which was performed monthly from the fourth week.
Disulphide-linked immunosorbents. Immunosorbents were prepared from y-globulin concentrates (3o to 80 rag. protein per ml.) of the rabbit and fowl antisera described above (Stephen et al. 1966; Wood et al. ~968) and were washed with the eluting buffer, before equilibration in PBS2 for immunosorption. Similar preparations were obtained from normal fowl sera having no detectable virus-neutralizing activity. The protein content of the final suspension of immunosorbent was determined and a standard quantity of ~o mg. was used. This quantity was equivalent to 2 to 6 ml. of antisera according to y-globulin content.
Protein estimations. The protein contents of experimental samples were assayed by the method of Lowry et al. (I95I) and of immunosorbent suspensions by nitrogen (Nessler) determination. Bovine y-globulin was the gravimetric standard except when human serum albumin was both protein source and gravimetric standard.
Adsorption and desorption experiments
Batch procedure. Unless otherwise stated the batch procedure was as follows. A suspension (o'25 to 0"5 ml., according to the degree of grinding of the solid) of immunosorbent (Io rag.) was stirred with undiluted suspension (2 to 30 ml.) of virus grown in chick cells, in the dark for I5 hr at 5 °. The immunosorbent was collected by centrifugation (3ooog, I5 min.) and washed by gentle magnetic stirring (5 rain., 4 °) three times with PBS2. The virus content of the combined supernatant and washings was compared with that of the original suspension similarly stirred for 15 hr at 5 ° in the dark. Virus was desorbed by three washings with 4 ml. of bicarbonate/carbonate buffer at pH I I'I for 30, 30 and 60 min. respectively. The virus was stable under the conditions of adsorption and not more than 2o ~ of the infectivity was lost after 2 to 3 hr at pH II'~, the conditions of desorption (Wood et al. 1968) .
Column procedure. Columns (I.o cm. diam.) were prepared from a mixture of immunosorbent (about 2o rag.) and Sephadex G-2oo (2. 4 ml. swollen gel) equilibrated in PBS2. After adsorption for 24 hr during upward recycling of the crude virus suspension (2o ml.) at I"5 ml./hr, the column was washed with PBS2 (4"7 ml.) and eluted with bicarbonate/ carbonate buffer at 1"5 ml./hr, collecting a total of 4"4 ml. in fractions of o'55 ml. at pH > IO. The original virus suspension, the supernatant following adsorption, the washings at pH 7 and the eluate were assayed for infectivity.
Use of radioactively labelled preparations to check the specificity of adsorption
and the purity of eluted virus ~2~I-labelled chick embryo cellprotein. Chick embryo cells (3 x Io s) were incubated at 37 ° in Roux bottles in Ioo ml. medium I99 containing Io ~ calf serum. After 16 hr in 5 CO2/air the medium was removed and the monolayers were washed twice with PBS2. The cells were then removed from each bottle with 2o ml. o-2 ~ trypsin and o.I ~ versene in PBS 2 and washed twice with o'o5 M phosphate buffer at pH 7"0.
Suspensions of cells (Io s to lO 9 per ml.) in this buffer were treated with ultrasound (M.S.E. 60 w Ultrasonic Disintegrator, frequency 20 kcyc/see.) for 3 rain. at 4 ° and clarified by centrifugation (3ooog; 15 min.). The protein content (assessed from E280 using bovine yglobulin as standard) of the extract was adjusted to I ~, w/v. This extract was treated with NalZSI (Radiochemical Centre, Amersham, I #c per too mg. of protein) and chloramine T as described by McConahey & Dixon (I966) . Labelled protein was collected as the totally excluded fraction from G-25 Sephadex and concentrated by treatment with dry G-2oo Sephadex to yield a solution with 1473 counts/min, and 8.6 mg. protein per ml. (Gallop et al. I966) .
The radioactivity of this extract (4 ml.) was measured before and after treatment with immunosorbent (Io mg.). The extract (I ml.) was also mixed with crude virus suspension (I ml.) and the radioactivity measured before and after treatment with immunosorbent (I o mg.).
lalI-human serum albumin. The low activity of the labelled chick cell protein prompted parallel experiments in which lalI-human serum albumin (I rag. in o.I ml. PBS2) of high activity (Io o counts/min./mg. ; Gallop et al. 1966 ) was added to the crude virus suspension (2. 5 ml.) and the radioactivity measured before and after treatment with immunosorbent; the activity of subsequent eluates from the immunosorbent, washed three and six times with PBS2 before virus elution with bicarbonate/carbonate buffer at pH II.I, was also measured.
Electron microscopy Crude virus suspensions (I2 ml.) and eluates (I2 ml.) from the immunosorbents were clarified by centrifugation (3ooog, I5 rain.) and then deposited by centrifugation (4o,ooo rev./min. ; 6o min.; Type 65 rotor of Spinco Model L). Each pellet was resuspended in distilled water and deposited twice more. Samples of the washed pellets in distilled water (o.2 ml.) were placed on formvar coated grids and examined by negative contrast in phosphotnngstate using an A.E.I. Era6 B electron microscope operating at a plate magnification of 20 to 6o,ooo.
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Experiments with immunosorbents derived from rabbit antisera
The experiments below relate to the confirmation of the work of Wood et aL (I968) regarding specificity of adsorption and to obtaining maximum adsorption and elution of purified virus. The batch procedure was used in all experiments unless otherwise indicated. Adsorption of virus after 24 hr was not larger than that at 15 hr; in two experiments, in which the total infectivity of virus applied to the immunosorbent was 3"9 x Io 9 and 2"5 x iol0p.f.u., the amount of virus adsorbed after 4 hr at 5 ° was 9 ° ~ and 82 ~ respectively of that adsorbed after I5 hr. Thus, a 4 hr adsorption period was satisfactory but the I5 hr period was convenient and used in all subsequent experiments.
The times of desorption used in the standard procedure (three treatments for 3o, 3o and 60 min.) were almost the maximum allowed by the stability of SFV at pH II-I (Wood et al. 1968) . Table I summarizes the results for shorter desorption times. The total recoveries of virus after three treatments for lO rain. or 5 rain. were not significantly lower than those obtained using the standard procedure. being cycled for the second Attempts to improve desorption by using buffers of high ionic strength failed. Buffers of high ionic strength (PBS 3 and bicarbonate/carbonate buffer lO x concentrated) could not be used for elution since they reduced infectivity to about 13 ~ in 3 hr at 4 °. In two adsorption experiments, using the standard procedure, both glycine buffer and bicarbonate/ carbonate buffer at pHI I. i eluted 35 + 9 ~ of the adsorbed infectivity.
In two experiments, the amount of virus adsorbed and eluted using the more tedious column procedure was no more than that in the batch procedure with half the amount of immunosorbent. The column procedure was therefore abandoned.
Capacity of immunosorbent and behaviour on recycling
The results in Table 2 show that the capacity of IO nag. of immunosorbent was I to 6 x io 10 p.f.u, of Semliki Forest virus and that the preparations could be used several times without losing this capacity. Additional experiments showed that adsorption capacity was appreciably reduced after IO cycles but not after five cycles. equilibrated at pH 7'o After each adsorption virus was eluted at pH 1 I'I and the immunosorbent was in PBS z before re-use (see Methods). * In the experiments with batch 3, zo ml. volumes of virus suspensions were used as well as 2'5 ml. volumes with a different sample of immunosorbent. However, the amount of virus adsorbed could not be accurately assessed since this was determined by the small difference between two very high infectivity titres: the amounts of virus eluted were i.o, 3"7, 1.4 and o.8 x ro TM p.f.u, for cycles 1, 2, 3 and 4 respectively.
Specificity of adsorption and purity of eluted virus
The following tests indicated the specificity of adsorption and the purity of the virus subsequently eluted when fully saturated immunosorbents were used after their first adsorption/desorption cycle. Table 2 summarizes the efficiency of adsorption and elution for the preparations used in these experiments.
Protein estimations on the crude suspension of SFV before adsorption, on the same suspension after adsorption, on the eluate of purified virus and on the pH II-I elution buffer containing o.1% (w/v) bovine serum albumin were 6"I4, 6"I7, I'oo and o'98 rag. per ml. respectively. These data indicate a residual protein level which is accounted for by the bovine serum albumin content of the medium.
The radioactivities before (I368 counts/min./ml.) and after (I3O9 counts/min./ml.) treatment of a solution of chick cell protein (4 ml.) with immunosorbent (IO rag.) were not significantly different nor were the radioactivities before (I297 counts/min.) and after (I352 counts/rain.) a similar immunosorbent treatment of a mixture of chick cell protein solution (I ml.) and crude virus suspension (I ml.). In neither case was detectable radioactivity eluted from the immunosorbent at pH 11.1.
In four experiments (Table 3) in which virus was adsorbed by different batches of immunosorbent from a crude suspension (2"5 ml.) to which ~31I-human serum albumin (I rag. in o.I ml. PBS2) had been added, adsorption of radioactivity was not significant. Total recoveries of labelled protein at pH ~I.I were less than o'o5 ~ and 0"o3 ~ of the input after 3 and 6 washings (at pH 7) of the immunosorbent respectively.
Under the electron microscope the crude suspension of SFV showed much cellular debris while almost none could be detected in the eluate of purified virus. These observations are consistent with the low level of contaminating protein shown by the radioactive assays above. 
Experiments with immunosorbents derived from fowl antisera
Immunosorbents prepared from fowl antisera with neutralization indices of about 3 had negligible adsorption activity for SFV, as did similar preparations from normal fowl sera and from rabbit antisera diluted approximately 30-fold with normal rabbit sera until the neutralization indices were equal to those of the fowl antisera (Table 4) . Immunosorbents prepared from fowl antisera with neutralization indices of 4.0 to 5"o showed similar performance to those of rabbit antisera (Table 4 ) of the same neutralizing activity.
DISCUSSION
The results presented indicate that disulphide-linked immunosorbents adsorbed SFV but not host proteins and considerable purification of crude virus could be achieved in a simple batch process of adsorption and elution. That the eluted virus had been separated from most extraneous protein was indicated by the following evidence. First, the protein content of the crude suspension was not significantly changed after adsorption of virus while that of the eluting buffer was equivalent to its content of BSA. Secondly, no significant quantity of chick cell protein of admittedly low radioactivity was adsorbed or recovered at pH ~.I. Thirdly, only o'o3r to o.o44 ~ of 18q-human serum albumin was retrieved from immunosorbent at pH II-~ following addition of I mg. to 2"5 ml. crude virus suspension. Finally, electron microscopy gave some confirmation to these findings.
Since the quantities of virus were small any extraneous products that remained, although insignificant in relation to the original contamination, may have been appreciable in relation to virus. Assuming a virus particle/p.f.u, ratio of I5:t, a recovery of virus from IO mg. of immunosorbent of I'5 x io 1° p.f.u. (see Table 2 ) and a molecular weight for SFV of 5 x io 7, the weight of recovered virus in one cycle was approximately 2o #g. In the experiments with I~q-HSA (see Table 3 ), the largest amount eluted was o'44 #g. from an input of I rag., i.e. approximately z to 3 ~ of the eluted virus. How this picture reflects total contamination by all other proteins in the crude suspension is a matter for conjecture. If all the proteins in the crude infected suspension (about 6 mg. per ml.) acted similarly to the labelled HSA the contamination could be as much as 3o to 45 ~. Meaningful estimates of total impurities in the recovered virus can only be obtained when the method is used to produce large amounts of virus measurable by weight or chemical determination. Contamination of recovered virus might be further reduced either by removing protein from the original suspension by preliminary fractionation or by another adsorption/ desorption cycle. Immunosorbents probably contain antibodies to non-structural virus coded proteins, so that these as well as excess structural proteins not incorporated in virus particles could be eluted with purified virus particles.
It was difficult to assess the capacity of the immunosorbents quantitatively since the antibodies responsible for adsorption and their concentration in the various antisera were not known. It was therefore impossible to ensure that immunosorbents contained a constant, reproducible quantity of adsorbing antibody. A standard quantity of immunosorbents was used in an attempt to minimize the variation; Table 2 , which is representative of numerous experiments, indicated that Io mg. of the immunosorbents from 2 to 6 ml. of rabbit antisera with neutralization indices of 4"0 to 5'o adsorbed I to 6 x ~o ~° p.f.u, of SFV from 2 to 3o ml. of crude suspension. Desorption of infective virus by bicarbonate/carbonate buffer, pH r I.I, was only Io to 2o ~ in the first cycle, attempts to increase this by varying the eluting agent proving unsuccessful. However, after the first cycle, with fully saturated immunosorbents, acceptable recoveries of about 5o ~ of the adsorbed infectivity were obtained. Encouragingly, immunosorbents could be recycled at least five times without significant loss of capacity. One explanation for low recoveries at the first cycle, namely that more avid combining sites retained virus permanently after the first adsorption, whereas less avid sites adsorbed and released virus during all cycles, does not appear valid because adsorption capacities were not reduced after the first cycle. Some inactivation of virus may occur during adsorption and the elution conditions (pH ~ ~.~ for 2 to 3 hr) can reduce infectivity of SFV by 2o (Wood et al. I968) . However, these losses would account only for the slightly reduced recoveries obtained in the cycles after the first. Whether in the first cycle virus was inactivated by reaction with antibody and subsequently released from the immunosorbent is unknown. Attempts to test this using radioactively labelled SFV were unsuccessful owing to the low radioactivity and infectivity of the preparations available.
The capacity of a fully homologous system of immunosorbents derived from fowl ~8 viR 6 antisera used against virus from chick cells was not greater than that for heterologous systems.
Can immunosorbents similar to those described here be used for routine purification of viruses ? The stability of SFV at alkaline pH was fortunate, enabling elution at high pH. Desorption of other viruses may be more difficult if infectivity is lost at pHs far removed from 7-Nevertheless, recoveries of desorbed antigens at near neutral pH are possible using column procedures even with highly acid eluting agents (Chidtow et aL i968 ) . Given facilities for immunizing rabbits, the immunosorbent method appears advantageous for the small-scale purification of virus. The procedures require no expensive apparatus; they are simple, speedy and efficient, since lo mg. of immunosorbent adsorbs virus from as much as 2o to 3o ml. of suspension. Furthermore immuno-specificity may be more effective than other procedures for purifying virus from host products. These advantages also warrant the consideration of immunosorbents for large-scale purification of viruses directly from crude cell extracts, for example for vaccine preparation. While SFV has been prepared in good yield (75 ~; I to 4"5 x io 9 p.f.u.) from mouse brain homogenates treated with protamine sulphate by differential centrifugation onto pads of caesium chloride, followed by isopycnic banding in caesium chloride gradients (Eaulkner & McGee-Russell, 1968) , such procedures are not directly applicable to large-scale operation. Zonal ultracentrifugation in either batch or continuous flow rotors (Fox et al. I968) permits recovery of at least 9o ~ infective virus from relatively large volumes of culture fluid, although such equipment is expensive. The figures quoted in this paper suggest that it might be possible, using an immunosorbent from 2oo ml. antisera (from IO rabbits), to purify in five successive cycles, approximately 4 x io ~2 p.f.u. SFV from one litre of suspension containing I x io ~° p.f.u, per ml.
